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ABSTRACT
The volatility of the metal /3-diketone chelates has 
been known for some time. Volatility data that were avail­
able indicated that considerable differences existed between 
the volatilities of many of the metal chelates. Sublimation 
temperature data also indicated that differences existed 
between the initial tenperatures at which sublimate was ob­
served from the different metal chelates. This information 
suggested the possibility of separating these metal /3-dike­
tone chelates by fractional sublimation.
This investigation was undertaken to devise an 
apparatus which would fractionally sublime the /3-diketone 
chelates and allow them to be recovered in pure form. No 
previous attempt had ever been made to separate a series of 
these metal chelates by this technique. A sublimation tube, 
utilizing a temperature gradient along the tube, a reduced 
pressure of 1 mm of Hg, and air as a carrier gas, was 
employed. This apparatus allowed for successful recovery of 
the compounds after sublimation.
Sublimation recrystallization zones, that range of 
temperatures in which the volatilized chelates recrystallized,
viii
and per cent recovery values were determined for many of the 
metal 0-diketone chelates. The degree of separability of the 
chelates was determined by the amount of difference between 
the sublimation recrystallization zones and the value of the 
per cent recovery determinations. The larger the difference 
between the sublimation recrystallization zones and the larger 
the per cent recovery value, the higher the degree of separa­
bility.
The chelates of acetylacetone and acetyltrifluoro- 
acetone were found to possess a considerable degree of separa­
bility. Complete separations were indicated for many chelates 
of these two ligands. The chelates of benzoylacetone, 
benzoyltrifluoroacetone and hsxafluoroacetylacetone possessed 
lower degrees of separability.
The enhancement of many of the separations was achieved 
by proper control of the size of sample, temperature gradient 
and tube packing. The control of these factors helped to 
separate the individual sublimation recrystallization zones 
and, thus, to obtain a more satisfactory separation.
Separations achieved using this technique were compared 
with separations obtained by the gas-liquid chromatographic 
technique. Very few separations of the acetylacetonates have 
been achieved with gas-liquid chromatography but many of these
ix
separations have been obtained using the fractional sublima­
tion technique.
Applications of this technique in the field of analyti­
cal chemistry are mentioned. Proposed studies for the future 
are also suggested.
x
INTRODUCTION
The 0-diketones exhibit the following keto-enol
equilibrium:
0 0 0 OH
H It It
R-C-CH2-C-R’ R-C-CH-C-R
I II
The keto form is represented by I and the enol form is repre­
sented by II. By release of the enolic proton, the oxygen 
atom is free to coordinate with a metal. In fact, if spatial 
relations are satisfactory, both oxygens may be free to co­
ordinate with a metal. Upon coordination, an organic type 
compound is formed which is called a chelate. This chelate 
can be represented by the following formula:
R
C =  0
/
HC M
R'
The M represents the metal ion and n represents the
1
number of moles of ligand needed to satisfy the coordination 
number of the metal. This type of compound is called an 
inner complex confound. It does not possess the properties 
of an ionic salt. In contrast, it is .soluble in organic sol­
vents while being only slightly soluble in water. Many of 
these chelates are intensely colored, very stable and vola­
tile.
Many of the metal j3-diketone chelates have been known 
for a long time. Combes (6 ) first prepared the acetylace- 
tonates in 1887. Subsequent work by Urbain and Debierne (56), 
Biltz (4), Gach (16), Morgan and Drew (23), Morgan and Moss 
(24,25) and Staniforth (53) has resulted in the preparation 
of almost all of the possible metal acetylacetonates. The 
benzoylacetonates were first prepared by Wislicenus and 
Stoeber in 1902 (59). In more recent years Staniforth (53) 
prepared many of the acetyltrifluoroacetonates while Truemper 
(55) and Reid and Calvin (28) prepared many of the benzoyl- 
trifluoroacetonates. Among the many other derivatives which 
have been prepared are the thenoyltrifluoroacetonates and the 
furoyltrifluoroacetonates. Some of the most recent deriva­
tives have been the hexafluoroacetylacetonates which were 
prepared by Henne and co-workers (17) and Morris and co­
workers (26) .
3
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A unique and somewhat unexpected property of the metal 
/3-diketone chelates is their volatility, which is quite pro­
nounced. For example, Truemper (55) determined the vapor 
pressure of aluminum acetyltrifluoroacetonate to be 1 0 0  mm of 
Hg at 205° While the vapor pressure of beryllium acetyl- 
acetonate was found to be 431 mm of Hg £t 264°. The vapor 
pressure of beryllium acetyltrifluoroacetonate is 656 mm of 
Hg at 231° while the vapor pressure of copper acetyltrifluoro­
acetonate was found to be 7 mm of Hg at 185°. Sidgwick (36) 
has assembled much of the physical and chemical data on the 
metal acetylacetonates and has reported the temperatures at 
which various chelates begin to sublime at reduced pressures.
Truemper (55) determined the vapor pressure-temperature 
curves and sq£>limation temperatures of a series of the metal 
/3-diketones. The following /3-diketones were involved in that 
study: acetylacetone, acetyltrifluoroacetone, benzoylacetone,
benzoyltrifluoroacetone, furoyltrifluoroacetone and 
thenoyltrifluoroacetone. The metals used were aluminum, 
beryllium, cobalt, copper, iron, manganese and nickel.
Truemper found that the volatility of the chelates was linked 
to the molecular symmetry and the molecular polarity, depending 
on whether it was a non-fluorinated compound or a fluorinated 
compound. The fact that differences in volatility at the same
temperature were found within a series of metal chelates sug­
gested the possibility of separating these metal cnelates by 
gas-liquid chromatography and by sublimation.
'The first separations of the metal j3-diketones using 
the gas-liquid chromatographic technique were reported by 
Bierroan and Gesser (3). However, this report was limited to 
the separation of aluminum and beryllium acetylacetonates and 
the separation of aluminum and chromium acetylacetonates. 
Extensive gas chromatographic investigations have been per­
formed on the metal /3-diketones by Sievers and co-workers 
(48,49). They have not reported any separations involving 
the acetylacetonates. Separations of the acetyltrifluoro­
acetonates and the hexafluoroacetylacetonates have been 
achieved but the number of separations reported is small.
A significant accomplishment of these researchers has been 
the separation of geometrical and optical isomers by gas- 
liquid chromatography.
A survey of the literature failed to yield any mention 
of a separation scheme of these chelates based on the princi­
ple of sublimation. The present study was undertaken to test 
the feasibility of such a scheme. An important part of this 
investigation was to develop an apparatus suitable for the 
separation of these chelates. A sublimation tube employing
a temperature gradient was envisioned as the basic design.
This apparatus was to allow for both the separation and re­
covery of the starting material.
The jS-diketones used in the present study are listed
*
in Table I. With the exception of the hexafluoroacetylace­
tonates, the volatility data for most of the ^-diketone 
chelates of the first transition period metals were determined 
by Truemper. The metals used in the present study covered 
most of the common metallic elements except for the alkali 
metals which form chelates that are soluble in water.
From Truemper's data, it appeared that the best results 
could be achieved with the acetylacetonates. This was due to 
the fact that the largest differences in volatility among the 
metal /3-diketones studied, were observed among the acetyl­
acetonates. These differences in volatility were a basis for 
the prediction of the degree of separability of the metal 
chelates.
In the case of the acetyltrifluoroacetonates, the re­
placement of a methyl group by a trifluoromethyl group causes 
the metal chelates to be more covalent. This has the effect 
of increasing the volatility of the chelates to a point where 
the difference in volatility of the various acetyltrifluoro­
acetonates is very small. Therefore, a separation of these
6TABLE I. /3-D ike tones Used in This Study
Trivial Name
Acetylacetone
Systematic Name 
2,4-Pentanedione
ch3 -c-ch2 -c-ch3
Acetyltrifluoroacetone
0
«
0
ft
CF3 -C-CH2 -C-CH3
1,1,1-Trifluoro-2, 
4-Pentanedione
Hexafluoroacetylacetone
0
U
0
u
CF3 -C-CH2 -C-CF3
1,1,1,5,5,5-Hexafluoro-2, 
4-Pentanedione
Benzoylacetone 1-Phenyl-l,3-Butanedione
c-c-ch2 -c-ch3
/ \
HC CH
I u
HC CH
\ /CH
Benzoyltrifluoroacetone l-Phenyl-4,4,4-Trifluoro-
1,3-Butanedione
0 0
m il
.c-c-ch2 -c-cf3
#  \ 2 3  
HC CH
I il
HC CH
metal chelates does not appear to be as favorable as in the 
case of the acetylacetonates.
No volatility data were available for the hexafluoro- 
acetylacetonates. However, it was anticipated that these 
chelates would be more volatile than the corresponding acetyl­
trifluoroacetonates because of the presence of the two tri- 
fluoromethyl groups which would increase their covalency. 
Whether the increased volatility would produce a corresponding 
decrease in the difference in volatility for these compounds 
as it did with the acetyltrifluoroacetonates had to be deter­
mined .
In the case of the benzoylacetonates, the presence of 
the phenyl group decreases the volatility of the chelates. 
Although there still exists a difference in the volatility of 
the chelates, the decreased volatility is accompanied by a 
large amount of decomposition. This fact alone decreases the 
possibility of achieving a satisfactory separation with the 
benzoylacetonates.
The introduction of the trifluoromethyl group to give 
benzoyltrifluoroacetone causes the volatility of these che­
lates to be increased considerably over the benzoylacetonates. 
The difference in the degree of volatility of the benzoyl- 
trifluoroacetonates was found to be significant and little
decomposition was evident. therefore a satisfactory separa 
tion of these chelates would appear to be favorable.
In view of the data reported by Truemper. the xmmedi 
ate objective of this study was to devise a technique for 
the separation and purification of metals based on the sub­
limation phenomenon. An integral part of this study would 
be the preparation of the metal chelates, many of which 
would be compounds not previously reported.
EXPERIMENTAL
1. Source of /9-Diketones
Acetvlacetone. The commercial reagent supplied by 
Matheson, Coleman and Bell was used without further purifi­
cation.
Acetvltrifluoroacetone. The commercial reagent 
supplied by the Columbia Organic Chemicals Company, Inc. 
was used without further purification.
Hexafluoroacetvlacetone. The commercial reagent 
supplied by the Penipsular Chem Research, Inc. was used 
without further purification.
Benzovlacetone. The commercial reagent supplied by 
Eastman Organic Chemicals was used without further purifi­
cation.
Benzovltrifluoroacetone. The commercial reagent 
supplied by the Peninsular Chem Research, Inc., was used 
without further purification.
2. Preparation of Metal Chelate Compounds of /3-Diketones
Many different methods were utilized for the prepara- 
tion of the chelates, especially in the case of the
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acetylacetonates. Most of these methods have appeared in 
the literature but no extensive listing of chelates under a 
certain method has appeared. Each method will be described, 
and the chelates which were prepared according to each 
particular method will be listed.
Acetylacetonates
A. Prepared from Salt of Metal. These acetylacetonates 
were prepared by adding an alcoholic solution of the ligand 
to an excess of a 5% solution of the metal nitrate (sulfate 
in the case of beryllium), buffered with sodium acetate. The 
chelate precipitated upon stirring the solution. The precipi­
tate was collected by filtration, washed and air dried. The 
crude material was recrystallized from ethanol or ethanol and 
water, and dried at 70°C.
Bis-(acetylacetono) beryllium(II). The white crystal­
line material melted at 105°-106°. The melting point reported 
in the literature is 108° (8,37).
Tria-(acetvlacetono) aluminum(III). The white crys­
talline material melted at 192°-194°. This is in agreement 
with the values reported in the literature (7,12,23,41).
Bis-(acetvlacetono) copper(II). The blue material 
showed no transition from solid to liquid and decomposed
•11
above 230°. This is in agreement with the reports in the 
literature (36,55).
Tris-(acetvlacetono) iron(III). The reddish-brown 
crystalline material melted at 180°-181°. This is in agree­
ment with the literature value of 179°-180° (45,55).
Bis-(acetvlacetono) cobalt(II). The pinkish-red crys­
talline material decomposed with no observed transition from 
solid to liquid. Sidgwick (46) reports a similar compound 
which decomposed with no melting being observed. Truemper 
(55) prepared the cobalt chelate which decomposed with no 
definite melting point.
Bis-(acetvlacetono) nickel(II). The bluish-green 
material showed a discoloration but no definite melting point 
to 300°. This compound was assumed to be the hydrate since 
it was not dried at reduced pressure. Truemper (55) reported 
a melting point of 290° for the anhydrous compound. Gach (16) 
reported a melting point of 228°. A sample was sent to C. F. 
Geiger, Ontario, California for carbon and hydrogen analyses. 
The results reported were 40.9196 carbon and 6.3596 hydrogen.
The values as calculated from the formula, Ni(C5 H7 02 )2 (H2 0)2# 
were, 41.0596 carbon and 6.1596 hydrogen. These results support 
the assumption that this compound is the hydrated chelate.
B. Prepared from Salt of Metal upon Evaporation. These 
acetylacetonates were prepared by adding an alcoholic solu­
tion of the ligand to an excess of a 5% solution of the metal 
chloride (nitrate in the cases of palladium and chromium), 
buffered with sodium acetate. The chelate precipitated upon 
evaporation of the solution on a steam bath. The precipitate 
was collected by filtration, washed and air dried. In most 
cases, the crude material was recrystallized from ethanol or 
ethanol and water. In cases where the chelates would not 
dissolve in ethanol, benzene and petroleum ether were used.
The pure material was dried at 70°C.
Tris-(acetvlacetono) rhodium(III). The orange crystal­
line material melted at 261°-262°. Dwyer and Sargeson (9) 
have reported a melting point of 260°.
Bis-(acetvlacetono) palladiumfII). The orangish-yellow 
crystalline material sublimed above 2 0 0 ° with little decom­
position. No melting was observed. No report of the isola­
tion of a crystalline material could be found in the 
literature. A sample was sent to C. F. Geiger, Ontario, 
California for carbon and hydrogen analyses. The results 
reported were 39.41% carbon and 4.93% hydrogen. The values 
as calculated from the formula, Pd(C^H^0 2 )2 » were 39.40% 
carbon and 4.60% hydrogen. These results suggest that this
compound is the anhydrous chelate.
Tris-(acetvlacetono) indium(III). The white crystal­
line material showed no transition from solid to liquid up 
to 300°. The value reported in the literature is 186° (23, 
42). A sample was sent to C. F. Geiger, Ontario, California 
for carbon and hydrogen analyses. The results reported were 
26.50% carbon and 4.81% hydrogen. These results were low 
with respect to the values of 43.70% carbon and 5.10% hydro­
gen which were calculated from the formula, In(C5 H7 0 2 )3 . 
Another sample was prepared by subliming the chelate at 170° 
at a reduced pressure of 1 mm of Hg. This sample also showed 
no melting to 300° and was used without further characteriza­
tion. This action is justified by the results which were 
received.
Tris-(acetvlacetono) qallium(III). The white crystal­
line material melted at 193°-194°. This is in agreement 
with the values reported in the literature (23,42).
Tris-(acetvlacetono) vanadium(III). The green material 
showed no transition from solid to liquid up to 300°. The 
value reported in the literature is 185°-190° (24,43). A 
sample was sent to C. F. Geiger, Ontario, California for 
carbon and hydrogen analyses. The results reported were 
42.33% carbon and 5.12% hydrogen. These results were low
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with respect to the values of 51.7 5% carbon and 6.04% hydro­
gen which were calculated from the formula VfC^H-yC^^.
Another sample was prepared by subliming the chelate at 170° 
at a reduced pressure of 1 mm of Hg. This sample also showed 
no melting to 300° and was used without further characteriza­
tion. The sample was definitely known not to be the 
vanadyl compound as this compound was available and had dif­
ferent sublimation properties.
Tris-(acetvlacetono) chromium(III). The purple crys­
talline material melted at 215°-218°. This is in agreement 
with the values reported in the literature (16,21,44).
Bis-(acetvlacetono) platinum(II). The light-green 
crystalline material decomposed above 200°. No transition 
from solid to liquid was observed. Werner (58) reported 
this compound in the literature but no melting point was 
indicated.
C, Prepared from Hydroxide of Metal. These acetyl­
acetonates were prepared in the ensuing manner: the hydrox­
ide of the metal was precipitated using sodium hydroxide.
The hydroxide was filtered, washed free of sodium, and 
immersed in water to form a slurry. This slurry was added 
to an alcoholic solution of the ligand and boiled for a few 
minutes. The excess hydroxide was filtered off while the
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solution was still hot. Some chelate was formed in the fil­
trate upon cooling while the remainder precipitated when the 
filtrate was evaporated under reduced pressure. The precipi­
tate was collected by filtration, washed and air dried. In 
most cases, the crude material was recrystallized from ethanol 
or ethanol and water. In cases where the chelates would not 
dissolve in ethanol, benzene and petroleum ether were used.
The pure material was dried at 70°C.
Bis-(acetylacetono) calciumfll). The white crystalline 
material showed no definite melting point to 300°. Morgan 
and Moss (25) reported no definite melting point for this com­
pound and observed that it charred upon heating. This is in 
agreement with the results observed in this case.
Bis-(acetvlacetono) cadmiumf II). The white crystal­
line material showed a discoloration above 2 0 0 ° but no trans­
ition from solid to liquid was observed up to 300°. Morgan 
and Moss (25) reported this compound in the literature but no 
melting point was given. The same compound was reported by 
Tanatar and Kurowski (54).
Bis-(acetvlacetono) zinc(II). The white crystalline 
material melted at 142°. The value reported in the litera­
ture is 138° (25,40).
Bis-(acetvlacetono) mercurv(II). The white crystal-
16
line material charred above 2 0 0 ° but no transition from solid 
to liquid was observed up to 300°. Morgan and Moss (25) re­
ported this compound in the literature but no melting point 
was given. The same compound was reported by Tanatar and 
Kurowski (54).
Bis-(acetvlacetono) barium(II). The white crystal­
line material charred upon heating but showed no transition 
from solid to liquid up to 300°. This is in agreement with 
the reports in the literature which show definite charring 
upon being heated but no melting point (25,54,56).
Bis-(acetvlacetono) strontium(II). The white crys­
talline material charred above 250° but showed no transition 
from solid to liquid up to 300°. This compound has been • 
reported in the literature but no melting point has been 
given (54,56).
D. Miscellaneous Preparations.
Bis-(acetvlacetono) magnesium(II). This compound was 
prepared by adding magnesium carbonate to a hot aqueous solu­
tion of the ligand. The excess carbonate was filtered off 
while the solution was still hot. The filtrate was allowed 
to evaporate at reduced pressure, and white crystals of 
magnesium acetylacetonate separated out. A sample was also 
obtained from Union Carbide Nuclear Co., Oak Ridge, Tenn.
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Both samples discolored above 250° but showed no transition 
from solid to liquid up to 300°. This compound has been re­
ported numerous times in the literature but no melting point 
has been given (2,23,30). A portion of the sample obtained 
from Union Carbide was sent to C. F. Geiger, Ontario, Cali­
fornia for carbon and hydrogen analyses. The results 
reported were 48.35% carbon and 6.78% hydrogen. The values 
as calculated from the formula, Mg (C5 H7 O2 ) 2 (H2 O) , are 49.85% 
carbon and 6 .6 6 % hydrogen. These results suggest that this 
compound is the hydrated chelate.
Tetrakis-(acetvlacetono) zirconium(IV). This com­
pound was prepared in the following manner (16): Zirconyl
nitrate was dissolved in water and cooled to 15°C. Acetyl- 
acetone was added to a 1 0 % solution of sodium carbonate and 
the mixture was stirred until the acetylacetone was dissolved. 
This solution was also cooled and then added gradually, with 
stirring, to the zirconyl nitrate solution. The mixture was 
surrounded by ice for one hour. The crystals were filtered 
and washed with cold water. The white crystalline material 
melted at 193°-194°. This is in agreement with the values 
reported in the literature (16,19).
Bis-(acetvlacetono) manganese(II). This compound was 
obtained from Union Carbide Nuclear Co., Oak Ridge, Tenn. The
blackish-brown crystalline material showed no transition from 
solid to liquid up to 300°. This is in agreement with re­
ports in the literature (15,35).
Tetrakis-(acetvlacetono) thorium(IV). This compound 
was obtained from K & K Laboratories, Jamaica, New York. The 
yellow crystalline material melted at 167°-168°. The value 
reported in the literature is 171° (4,14).
Acetyltri fluoroacetonates
A. Prepared from Salt of Metal. These com­
pounds were prepared by Joseph T. Truemper while doing grad­
uate work at Louisiana State University. The method of 
preparation follows: An alcoholic solution of the ligand was
added to an excess of a S% solution of the metal nitrate 
(sulfate in the case of beryllium), buffered with sodium 
acetate. The chelate precipitated upon stirring the solution. 
The precipitate was collected by filtration, washed and air 
dried. The crude material was recrystallized from ethanol or 
ethanol and water, and dried at 70°C.
Bis-(acetvltrifluoroacetono) beryllium(II). The white 
crystalline material melted at 113°-114°. This is in agree­
ment wvth the value reported by Staniforth (53).
Tris-(acetvltrifluoroacetono) aluminum(III). The
19
white crystalline material melted at 119°-120°. The value 
reported by Staniforth (53) was 117°.
Bis-(acetvltrifluoroacetono) copper(II). The blue 
crystalline material melted at 196°-197°. Staniforth (53) 
reported a melting point of 189°. Truemper (55) reported a 
melting point of 200°. Truemper's analysis of this compound 
for copper agreed with that calculated from the formula,
C u ( C 5 H 4 O 2 F 3 ) 2 •
Tris-(acetvltrifluoroacetono) iron(III). The reddish- 
brown crystalline material melted at 117°-118°. Truemper 
(55) reported a melting point of 115° and his analysis of 
this compound for iron agreed with that calculated from the 
formula, Fe(C5H4 O2 F3 )3 .
BiB -(acetvltrifluoroacetono) nickel(II). The green 
crystalline material (anhydrous) showed no transition from 
solid to liquid up to 300°. Truemper (55) reported no melt­
ing to 295° and his analysis of this compound for nickel 
agreed with that calculated from the formula, Ni(C5 H4 O2 F3 )2 .
B. Prepared from Salt of Metal upon Evaporation.
These compounds were prepared by adding an alcoholic solu­
tion of the ligand to an excess of a 5% solution of the 
metal nitrate, buffered with sodium acetate. The chelate 
precipitated upon evaporation of the solution on a steam
20
bath. The precipitate was collected by filtration, washed 
and air dried. In most cases, the crude material was recrys­
tallized from ethanol or ethanol and water. In cases where 
the chelates would not dissolve in ethanol, benzene and 
petroleum ether were used. The pure material was dried at 
7 0°c.
Bis-(acetvltrifluoroacetono) zinc(II). The white
crystalline material melted at 119°-121°. No report of the
isolation of a crystalline material could be found in the
»
literature. A sample was sent to C. F. Geiger, Ontario, 
California for carbon and hydrogen analyses. The results 
reported were 29.35% carbon and 2.79% hydrogen. The values 
calculated from the formula, Zn(C5 H4 O2 F3 )2 (H2 O)2 / were 29.48% 
carbon and 2.95% hydrogen. These results suggest that this 
compound is the hydrated chelate.
Bis-(acetvltrifluoroacetono) cobalt(II). The pinkish- 
red crystalline material melted at 184°-186°. No report of 
the isolation of a crystalline material could be found in the 
literature.. A sample was sent to C. F. Geiger, Ontario, 
California for carbon and hydrogen analyses. The results re­
ported were 31.23% carbon and 2.90% hydrogen. The values 
calculated from the formula, Co(C5 H4 0 2 F3 >2 (H2 O)2 , were 31.14% 
carbon and 2.62% hydrogen. These results suggest that this
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compound is the hydrated chelate.
Tris-(acetvltrifluoroacetono) chromiumfIII). The 
purple crystalline material melted at 147°-148°. Fay and 
Piper (10) reported a melting point of 112°-114° for the cis 
isomer and a melting point of 154.5°-155° for the trans 
isomer. They reported that the precipitation of the chelate 
resulted in a product of which 17% corresponded to the cis 
isomer. A sample was sent to c. F. Geiger, Ontario, Calif, 
for carbon and hydrogen analyses. The results reported were 
33.90% carbon and 3.43% hydrogen. The values calculated 
from the formula, Cr(C5H4 02 F3 )3 , were 35.20% carbon and 2.35% 
hydrogen. These results suggest that this compound is the 
anhydrous chelate.
Bis-(acetvltrifluoroacetono) maqnesium(II). The white 
crystalline material melted at 185°-186°. No report of the 
isolation of a crystalline material could be found in the 
literature. A sample was sent to C. F. Geiger, Ontario, 
California for carbon and hydrogen analyses. The results re­
ported were 33.18% carbon and 3.23% hydrogen. The values as 
calculated from the formula, Mg (C^I^OjF^) 2 (H2 0) 2 , were 32.78% 
carbon and 3.28% hydrogen. These results suggest that this 
compound is the hydrated chelate.
Bis-(acetyltrifluoroacetono) manqanese(II). The yellow
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crystalline material melted at 154°-156°. No report of the 
isolation of a crystalline material could be found in the 
literature. A sample was sent to C. F. Geiger, Ontario, Cali­
fornia for carbon and hydrogen analyses. The results reported 
were 30.69% carbon and 2.66% hydrogen. The values as cal­
culated from the formula, Mn(C5 H4 O 2 F3 )2 (H2 °^2' were 30.28% 
carbon and 3.03% hydrogen. These results suggest that this 
compound is the hydrated chelate.
Tetrakis-(acetvltrifluoroacetono) zirconiumfIV). The 
white crystalline material melted at 125°-126°. No report of 
the isolation of a crystalline material could be found in the 
literature. A sample was sent to C. F. Geiger, Ontario, 
California for carbon and hydrogen analyses. The results re­
ported were 34.33% carbon and 2.17% hydrogen. The values as 
calculated from the formula, Zr(C5 H4 0 2 F3)4, were 34.20% car­
bon and 2.28% hydrogen. These results suggest that this 
compound is the anhydrous chelate.
Bis-(acetyltrifluoroacetono) mercurv(II). The faint 
yellow crystalline material showed no transition from solid 
to liquid up to 300°. No report of the isolation of a crys­
talline material could be found in the literature. A sample 
was sent to C. F. Geiger, Ontario, California for carbon and 
hydrogen analyses. The results reported were 19.64% carbon
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and 1.54% hydrogen. The values as calculated from the for­
mula, Hg (Cj-H^OjF^) 2 • were 2 3.70% carbon and 1.58% hydrogen. 
These results, though low in the case of carbon, suggest that 
this compound is the anhydrous chelate.
Bis-(acetvltrifluoroacetono) leadfII). The white 
crystalline material melted at 153°-155°. No report of the 
isolation of a crystalline material could be found in the 
literature. A sample was sent to C. F. Geiger, Ontario, 
California for carbon and hydrogen analyses. The results re­
ported were 21.55% carbon and 1.81% hydrogen. The values as 
calculated from the formula, Pb(C5 H4 O2 F3 )2 (**2 °)2 • were 21.88% 
carbon and 2.19% hydrogen. These results suggest that this 
compound is the hydrated chelate.
Bis-facetvltrifluoroacetono) palladiumfII). The 
brownish-yellow compound melted at 232°-234°. No report of 
the isolation of a crystalline material could be found in the 
literature. A sample was sent to C. F. Geiger, Ontario, 
California for carbon and hydrogen analyses. The results 
reported that insufficient sample had been sent for a depend­
able analysis of the compound. Since the compound had been 
recrystallised and showed a very sharp melting point, it was 
used without further characterization.
C . Miscellaneous Preparations. .
Tris-(acetvltrifluoroacetono) rhodium(III). This com­
pound was prepared according to a method reported by Fay and 
Piper (10). A solution of rhodium trichloride was treated 
with solid sodium bicarbonate until pH 4 was attained. .The 
ligand was added and the mixture was allowed to reflux for 
0.5 hr. After readjusting the pH to 4.5-5 with more sodium 
bicarbonate, refluxing was continued for 15 minutes longer. 
Finally an additional gram of ligand was added and the mix­
ture was refluxed for 0.5 hr. longer. The product which pre­
cipitated was filtered and recrystallized from ethanol. The 
rusty colored compound melted at 173°-17 5°. Fay and Piper 
(10) reported a melting point of 148.5°-149° for the cis 
isomer and a melting point of 189.5°-190° for the trans 
isomer. They reported that the precipitation of the chelate 
resulted in a product of which 19% corresponded to the cis 
isomer. A sample was sent to C. F. Geiger, Ontario, Califor­
nia for carbon and hydrogen analyses. The results reported 
were 32.37% carbon and 2.45% hydrogen. The values as calcu­
lated from the formula, Rh(C5 H^0 2 F3)2 > were 32.03% carbon and 
2.14% hydrogen. These results suggest that this compound is 
the anhydrous chelate.
Tris-(acetvltrifluoroacetono) gallium(III). This
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compound was prepared according to a method reported by Fay 
and Piper (10). An aqueous solution of the ligand and conc. 
ammonium hydroxide was added to an aqueous solution of the 
metal trichloride. The precipitate which formed immediately 
was collected, washed with water, and air dried. The faint 
yellow compound melted at 125°-126°. The melting point re­
ported by Fay and Piper was 128.5°-129.5°.
Hexafluoroacetvlacetonates
These compounds were prepared by adding an alcoholic 
solution of the ligand to an excess of a 5% solution of the 
metal nitrate, buffered previously with sodium acetate. The 
chelate precipitated upon evaporation of the solution on a 
steam bath. The precipitate was collected by filtration, 
washed and air dried. In most cases, the crude material was 
recrystallized from ethanol or ethanol and water. In cases 
where the chelates would not dissolve in ethanol, benzene 
and petroleum ether were used. The pure material was dried 
at 70°C. The ligand is very toxic and safety precautions 
should be exercised when working with this chemical.
Tris-(hexafluoroacetvlacetono) chromiumfIII). The 
green crystalline material melted at 84°-85°. This is in
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agreement with the value of 84°-85° reported by Morris and 
co-workers (26).
Bis-(hexafluoroacetvlacetono) nickel(II). The green 
crystalline material showed a transition from solid to liquid 
at 210°-212°, which was accompanied by sublimation. Morris 
and co-workers (26) reported a value of 207°-208°.
Bis-(hexafluoroacetvlacetono) cobalt(II). The pinkish- 
red compound began to sublime at about 17 5°. This continued 
until almost all of the compound had sublimed. At 184°, the 
remaining chelate melted. Morris and co-workers (26) reported 
a value of 172°-174°. A sample was sent to C. F. Geiger, 
Ontario, California for carbon and hydrogen analyses. The 
results reported were 23.22% carbon and 1.67% hydrogen.
The values as calculated from the formula, CotC^HC^Fg)^(H2 ° ) 2 * 
were 23.60% carbon and 1.18% hydrogen. These results suggest 
that this compound is the hydrated chelate.
Bis-(hexafluoroacetvlacetono) zinc(II). The white 
crystalline material melted at 153°-155°. This is in agree­
ment with the value of 153°-154° reported by Morris and co­
workers (26).
Bis-(hexafluoroacetvlacetono) manganese(II). The 
yellow crystalline material melted at 156°-157°. This is in 
agreement with the value of 155°-156° reported by Morris and 
co-workers (26).
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Bis-(hexafluoroacetvlacetono) maqnesium(II). The 
white crystalline material melted at 214°-215°, No report 
of the isolation of a crystalline material could be found in 
the literature. A sample was sent to C. F. Geiger, Ontario, 
California for carbon and hydrogen analyses. The results re­
ported that insufficient sample had been sent for a depend­
able analysis of the compound. However, the infrared analy­
sis of this compound gave the same spectra as that for the 
hydrated hexafluoroacetylacetonates of manganese, zinc, 
cobalt and nickel. Since the compound had been recrystal­
lized and showed a very sharp melting point, it was used 
without further characterization.
Bis-(hexafluoroacetvlacetono) copper(II). The bluish- 
green crystalline material melted at 135°. This is in agree­
ment with the value of 135° reported by Henne and co-workers 
(17) .
Benzovlacetonates
These compounds, except for beryllium benzoyl- 
acetonate, were prepared by Joseph T. Truemper while doing 
graduate work at Louisiana State University. The method of 
preparation follows: An excess of a 5% solution of the metal
nitrate (sulfate in the case of beryllium), buffered with
sodium acetate, was added to an alcoholic solution of the 
ligand. This order of addition w&s necessary due to the fact 
that benzoylacetone is insoluble in water. By slowly adding 
the metal ion to the solution of the ligand, the reaction 
between the metal ion and ligand could keep pace with the 
addition process, with the result that the benzoylacetone 
would not precipitate out of solution without first reacting 
with the metal ion. The chelate precipitated upon stirring 
the solution. The precipitate was collected by filtration, 
washed and air dried. The crude material was recrystallized 
from ethanol or ethanol and water, and dried at 7 0°c.
Bis-(benzovlacetono) bervlliumfII). The white crys­
talline material melted at 207°-208°. Booth and Pierce (5) 
reported a melting point of 2 1 0 °~2 1 1 °.
Tris-(benzovlacetono) aluminum(III). The white crys­
talline material melted at 222°-223°. Baly and Desch (1) 
reported a melting point of 217°. Truemper (55) reported a 
melting point of 222°-224° and his analysis of this compound 
for aluminum agreed with that calculated from the formula
ai(c1 0 h9 o2)3.
Bis-(benzovlacetono) copper(Il). The bluish-green 
crystalline material melted at 195°-196°. This is in agree­
ment with the values reported in the literature (55,59).
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Tris-(benzovlacetono) iron(III). The reddish-brown 
crystalline material melted at 225°-227°. This is in agree­
ment with the values reported in the literature (55,59).
Bis-(benzovlacetono) nickel(II). The green anhydrous 
material melted at 180°. Musante (27) reported a melting 
point of 178°.
Bis-(benzovlacetono) cobalt(II). The red anhydrous 
material melted at 180°. This is in agreement with the value 
reported by Musante (27).
Benzoyltrifluoroacetonates
These compounds were prepared in much the same manner 
as were the benzoylacetonates. An excess of a 5% solution 
of the metal nitrate (sulfate in the case of beryllium), 
buffered with sodium acetate, was added to an alcoholic solu­
tion of the ligand. If the chelate did not precipitate on 
addition of the metal ion, the solution was evaporated on a 
steam bath, upon which the precipitation occurred. The pre­
cipitate was collected by filtration, washed and air dried.
In most cases, the crude material was recrystallized from 
ethanol or ethanol and water. In cases where the chelates 
would not dissolve in ethanol, benzene and petroleum ether 
were used. The pure material was dried at 70°C.
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Tris-( benzovltrifluoroacetono) aluminum fill). The 
white crystalline material melted at 177°-179°. Truemper 
(55) reported a melting point of 173°-174°.
Bis-(benzovltrifluoroacetono) copper(II). The green 
crystalline material melted at 238°-240°. Reid and Calvin 
(28) reported a melting point of 243°-244°. Truemper (55) 
reported a melting point of 241°.
Bis-(benzovltrifluoroacetono) bervlliumfll). The 
white crystalline material melted at 142°-144°. This is in 
agreement with the reports of Truemper (55).
Tris-(benzovltrifluoroacetono) iron(XII). The reddish- 
brown crystalline material melted at 128°-130°. Truemper (55) 
reported a melting point of 128°-129°.
Bis-(benzovltrifluoroacetono) nickel(II). The light- 
green crystalline material melted at 145°-150°. This com­
pound was assumed to be the hydrate since it was not dried at 
reduced pressure. Truemper (55) reported the melting point 
of the anhydrous compound to be 223°-224°. No report of the 
isolation of the hydrated chelate could be found in the 
literature. A sample was sent to C. F. Geiger, Ontario, 
California for carbon and hydrogen analyses. The results re­
ported were 45.58% carbon and 3.06% hydrogen. The values 
calculated from the formula, Ni (^£>11^ 3 0 2 ) 2 2' were 45.90%
carbon ^ nd 3.05% hydrogen. These results support the assump­
tion that this compound is the hydrated chelate.
Bis-(benzovltrifluoroacetono) cobalt(II). The yellow
crystalline material melted at 117°-120°. This compound was
assumed to be the hydrate since it was not dried at reduced
pressure. Truemper (55) reported the melting point of the
anhydrous compound to be 158°. No report of the isolation
of the hydrated chelate could be found in the literature. A
sample was sent to C. F. Geiger, Ontario, California for car- 
*
bon and hydrogen analyses. The results reported were 46.02% 
carbon and 3.12% hydrogen. The values calculated from the 
formula, Co(C^HgFjOj) 2 (^O) 2 - were 45.78% carbon and 3.05% 
hydrogen. These results support the assumption that this 
compound is the hydrated chelate.
Bis-(benzovltrifluoroacetono) manganese(II). The 
yellow crystalline materiel melted at 103°-106°. This corth 
pound was assumed to be the hydrate since it was not dried 
at reduced pressure. Truemper (55) reported the melting 
point of the anhydrous compound to be 129°-130°. No report 
of the isolation of the hydrated chelate could be found in 
the literature. A sample was sent to C. F. Geiger, Ontario, 
California for carbon and hydrogen analyses. The results 
reported were 45.89% carbon and 3.03% hydrogen. The values
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calculated from the formula, Mn(c ioh6F3°2^2 H^2°^2' were 46.13% 
carbon and 3.07% hydrogen. These results support the assump­
tion that this compound is the hydrated chelate.
Bis-(benzovltrifluoroacetono) zinc(II). The white 
crystalline material melted at 115°-118°. No report of the 
isolation of the zinc chelate could be found in the litera­
ture. A sample was sent to C. F. Geiger, Ontario, California 
for carbon and hydrogen analyses. The results reported were 
45.34% carbon and 3.32% hydrogen. The values calculated from 
the formula, Zn(C1 0 HgF302)2 (H2 °)2 ' were 45.25% carbon and 
3.02% hydrogen. These results suggest that this compound is 
the hydrated chelate.
Bis-(benzovltrifluoroacetono) magnesium(II). The 
white crystalline material melted at 139°-142°. No report 
of the isolation of the magnesium chelate could be found in 
the literature. A sample was sent to C. F. Geiger, Ontario, 
California for carbon and hydrogen analyses. The results 
reported were 49.19% carbon and 4.02% hydrogen. The values 
calculated from the formula, Mg(C^QHgF3 0 2 )2 (H2°)2' were 
49.02% carbon and 3.27% hydrogen. These results suggest 
that this compound is the hydrated chelate.
Bis-(benzovltrifluoroacetono) mercury(II). The white 
material showed a gradual darkening above 250°, but no
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melting was observed up to 300°. No report of the isolation 
of the mercury chelate could be found in the literature. A 
sample was sent to C. F. Geiger, Ontario, California for 
carbon and hydrogen analyses. The results reported were 
38.16% carbon and 2.16% hydrogen. The values calculated from 
the formula, Hg (0 ^ 11^ 3 0 2 ) 2 * were 38.13% carbon and 1.90% 
hydrogen. These results suggest that this compound is the 
anhydrous chelate.
Bis-(benzovltrifluoroacetono) cadmium(II). The white 
crystalline material melted at 105°-107°. No report of the 
isolation of the cadmium chelate could be found in the litera­
ture. A sample was sent to C. F. Geiger, Ontario, California 
for carbon and hydrogen analyses. The results reported were 
41.62% carbon and 3.22% hydrogen. The values calculated from 
the formula, Cd(C^qH^F^Oj)^ )2 / were 41.55% carbon and 
2.77%‘hydrogen. These results suggest that this compound is 
the hydrated chelate.
Tris-(benzovltrifluoroacetono) gallium(III). The 
white material melted at 157°-159°. No report of the isola­
tion of the gallium chelate could be found in the literature.
A sample was sent to C. F. Geiger, Ontario, California for 
carbon and hydrogen analyses. The results reported were 
50.75% carbon and 2.50%. hydrogen. The values calculated from
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the formula, Ga(cioH£F3 °2 ) 3 * were 50.48% carbon and 2.52%
hydrogen. These results suggest that this compound is the 
*
anhydrous chelate.
Bis-(benzovltrifluoroacetono) palladium(II). The 
orangish-yellow material melted at 248°-250°. No report of
a
the isolation of the palladium chelate could be found in the 
literature. A sample was sent to C. F. Geiger, Ontario, 
California for carbon and hydrogen analyses. The results 
reported were 44.66% carbon and 2.20% hydrogen. The values 
calculated from the formula, Pd(ciqH6 F3 ° 2 )2 ' were 44*65% 
carbon and 2.24% hydrogen. These results suggest that this 
compound is the anhydrous chelate.
Bis-(benzovltrifluoroacetono) calcium(II). The white 
material melted at 235°-238°. No report of the isolation of 
the chelate could be found in the literature. A sample of 
the material was sent to C. F. Geiger, Ontario, California 
for carbon and hydrogen analyses. The results reported wejre 
48.65% carbon and 3.41% hydrogen. The values calculated 
from the formula, Ca(C^QHgF302)2 (H2 °^2 ' were 47.50% carbon 
and 3.16% hydrogen. These results suggest that this com­
pound’* is the hydrated chelate.
Tetrakis-(benzovltrifluoroacetono) zirconium(IV). The 
light-tan material melted at 84°-88°. No report of the
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isolation of the zirconium chelate could be found in the 
literature. A sample was sent to C. F. Geiger, Ontario, 
California for carbon and hydrogen analyses. The results 
reported were 47.4896 carbon and 2.76% hydrogen. The values 
calculated from the formula, Zr(C^QHgFy^>4 (H2°)2' were 
48.60% carbon and 2.84% hydrogen. These results suggest 
that this compound is a hydrated zirconium chelate with the 
water probably being of the interstitial variety.
3. Sublimation Apparatus and Experimental Procedures
In order to achieve a separation of the heretofore 
mentioned chelates, a suitable apparatus which would allow 
for recovery of the starting material was needed. The first 
apparatus to be used was one designed by Fred Dowling while 
doing graduate work under the supervision of Dr. Eugene w. 
Berg at Louisiana State University. This apparatus is shown 
in Figure 1. It was constructed of pyrex glass. Each sec­
tion of the apparatus consisted of a 500 milliliter round- 
bottom flask, a Friedrichs condenser, and a middle portion 
which completely surrounded a pyrex glass tube. Each round- 
bottom flask contained a liquid of a different boiling point. 
By using appropriate liquids, a Btepped temperature gradient 
was achieved down the length of the pyrex glass tube which
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FIGURE 1. Pyrex Glass Sublimation Apparatus used for Separation Studies
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was inserted in the middle of the apparatus. A vacuum of 1 
mm of Hg was achieved by attaching a vacuum pump to ore end 
of the tube and a very fine capillary to the other end. Pres­
sure readings were made with the aid of a McLeod pressure 
gauge. The slight amount of air which came through the capil­
lary served as a carrier for the sublimate, forcing it down 
the tube. The sample was placed in a small oval aluminum 
boat and this boat was placed just inside the high temperature 
end of the pyrex tube. Samples ranged in size from one to 
thirty milligrams. Upon completion of the sublimation, which 
usually was allowed to run for about two hours, the pyrex 
tube was removed from the apparatus. The individual zones 
were cut out and the chelates extracted with appropriate sol­
vents. Although many separations were achieved with this 
apparatus, using two or three metal chelates, it was soon 
apparent that an apparatus was needed in which a more gradual 
change in temperature could be achieved from one end to the 
other. With Dowling's apparatus, the change from one zone of 
temperature to the next was rather abrupt and often too many 
sections were required in order to achieve a separation.
In order to overcome the difficulties experienced with 
the first device, an apparatus was devised which established 
a continuous temperature gradient down the tube. Many
different devices have been reported in the literature (2,15, 
18,19) as having achieved this type of temperature gradient. 
The apparatus which most closely resembles the apparatus 
devised for the present study is that reported by Bates (2). 
The apparatus designed for the present study consisted of a 
one meter brass tube with an inside diameter of eleven milli­
meters. This apparatus is shown in Figure 2. The tube was 
wrapped with one layer of asbestos and then wrapped with 
No. 22 B and S nichrome wire (0.0253 inches in diameter), the 
wire turnings being very close together as one end (5 turns 
per cm.) and getting progressively farther apart until at the 
other end of the tube the turnings were about four centi­
meters apart. Three layers of asbestos were placed on top 
of the nichrome wire. Into this brass tube was inserted an 
eleven millimeter (outer diameter) pyrex glass tube. Again 
a vacuum pump was attached to one end and a fine capillary to 
the other end. These connections were made using heavy-wall 
vacuum tubing. By attaching a powerstat to the nichrome wire, 
a temperature gradient was achieved down the tube. The 
particular gradient depended on how the powerstat was set.
Two different gradients corresponding to two different 
settings on the powerstat are shown in Figure 3. "Thermo­
meter wells" were welded to the main brass tube at set
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intervals and these wells were filled with silicone oil.
Thus fairly accurate temperature measurements could be taken 
by placing a thermometer in these wells.
As with Dowling's apparatus, the sample was placed in 
a small oval aluminum boat and the boat was placed just in­
side the high temperature end of the tube. The temperature 
was then slowly increased until the desired gradient was 
obtained. Upon completion of the sublimation, the zones were 
extracted as described previously.
Sublimation Recrvstallization Zone Measurements. The 
"sublimation recrystallization zone" is defined as that area 
of the Sublimation tube in which the sublimed product recrys- 
tallizes. By knowing the temperature gradient for a particu­
lar setting on the powerstat and how far the sublimate moved 
down the tube, the "sublimation recrystallization zone" can 
be determined. This zone is specified by two temperatures, 
one for the leading edge of the zone and one for the trailing 
edge of the zone. The trailing edge of the zone is diffi­
cult to specify due to the diffuse nature of this edge. There­
fore the temperature specifying the leading edge will be the 
more accurate of the two temperatures.
Per Cent Recovery Measurements. ‘The per cent recovery 
determinations for iron, beryllium, aluminum, magnesium, and
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nickel acetylacetonates were made by determining directly the
amount of metal that was present in the sublimate. In all
other cases, the per cent recovery was determined by weighing
the sublimation vessel before and after the completion of the
sublimation. This latter method was utilized because it was
simpler and consistently gave the same answer in the case of
iron, beryllium, aluminum, magnesium, and nickel acetylace-
tonates as did the direct method of analysis of the metals.
Without any positive evidence that the sublimed compounds
recrystallized in areas other than the defined zones within
the sublimation tube, it was assumed that the latter method
*
gave the correct value for per cent recovery. However, it 
must be stated that the latter method can only be used when 
decomposition does not accompany the sublimation process.
For the chelates, in which decomposition accompanied the sub­
limation process, the loss of weight does not indicate the
*
sublimation weight loss alone but also that part of the 
weight loss which was due to decomposition. For most of the 
chelates subliming at 170° or below, no decomposition is 
evident. However, for chelates subliming at temperatures 
above 2 0 0 °, decomposition occurs rather often as evidenced 
by a charring or darkening of the chelate. The resulting 
product, after decomposition, resembles in no way the original 
chelate.
4. Analytical Methods
As stated in Section 3, analyses were performed on 
some of the chelates to determine the quantitativeness of 
the recovery of the chelate upon sublimation. A given amount 
of chelate was weighed and then sublimed. Upon completion of 
the experiment, the sublimate was dissolved, and the metal 
content was determined. By comparing this value with the 
value calculated from the original amount of chelate, the per 
cent recovery could be determined.
Analyses were also performed on many of the chelates 
to determine the efficiency of individual separations. The 
zone of crystalline sublimate due to each chelate in a par­
ticular separation was extracted with a slightly acid aqueous 
solution and analyzed for metal content, both its own metal 
content and that of the other metals involved in the separa­
tion. In this way, the efficiency of the separation could be 
determined. The metals involved in these analyses were: 
iron, nickel, beryllium, aluminum, copper, chromium, and 
magnesium.
In determining the metal content of a chelate, the 
compound was treated with nitric acid in order to destroy the 
chelate. About 5 milliliters of nitric acid were sufficient 
for 10-20 milligrams of chelate. The destruction of the
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chelate was hastened by heating. The acid solution was then 
diluted to a certain volume with water, an aliquot of the 
sample was taken and the metal content was determined spectro­
photometries lly.
The iron content was determined by a modified version 
of the standard 1,10 phenanthroline method for iron (33,52),
An aliquot of sample corresponding to 0.1-0.5 milligrams of 
iron was placed in a 100 milliliter flask. One milliliter of 
a 1 0 % hydroxylamine hydrochloride solution and 1 0  milliliters 
of a 2 5% solution of sodium acetate were added. The solution 
was diluted to 75 milliliters and 10 milliliters of a 0.1% 
phenanthroline solution were added. The solution was diluted 
to volume, mixed, and allowed to stand for 10 minutes. The 
absorbancy was measured at 508 mfi using a reagent blank. The 
concentration of metal ion was determined by comparing the 
reading of the sample with a standard curve prepared from a 
series of standard iron solutions.
The nickel content was determined by a modified ver­
sion of the standard dimethylglyoxime method for nickel (35).
An aliquot, containing 5 to 250 micrograms of nickel was 
transferred to a 100 milliliter volumetric flask. Ten milli­
liters of 1 M HCl were added and the solution was diluted to 
50 milliliters. One milliliter of a 10% citric acid solution.
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3 milliliters of a 2% solution of potassium persulphate, 15 
milliliters of 2 M NaOH, and 1 milliliter of a 1% dimethyl- 
glyoxime solution were then added. The solution was heated 
to 60° and kept at 60°-70° for 5 minutes. The solution was 
then cooled to room temperature and diluted to 1 0 0  milli­
liters. The absorbancy was measured at 465 m(i using a re­
agent blank. The concentration of metal ion was determined 
by comparing the reading of the sample with a standard curve 
prepared from a series of standard nickel solutions.
The beryllium content was determined by using p-nitro- 
benzeneazo-orcinolaB the color reagent (30). A 10 milliliter 
aliquot of sample (neutral to litmus) corresponding to 5-40 
micrograms of beryllium was transferred to a 25 milliliter 
volumetric flask. Three milliliters of 2 N NaOH, 5 milli­
liters of 0.64 M boric acid, and exactly 6 milliliters of# 
0.025% solution of p-nitrobenzeneazo-orcinol in 0.1 NNaOH were 
added. The solution was made up to the mark with water, 
mixed, and the absorbancy was measured at 540 mix using a 
reagent blank. The concentration of'metal ion was determined 
by comparing the reading of the sample with a standard curve 
prepared from a series of standard beryllium solutions.
The aluminum content was determined by using aluminon 
as the color reagent (50). An aliquot of sample corresponding
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to 5-150 micrograms of aluminum was placed in a 50 milliliter 
volumetric flask. This was diluted to about 40 milliliters. 
Two milliliters of a 30% solution of ammonium acetate buffer 
and 2 milliliters of a 0 .1% solution of aluminon reagent were 
added, the solution was diluted to volume and mixed. The 
absorbancy was measured at 52 5 mp, using a reagent blank. The 
concentration of metal ion was determined .by comparing the 
reading of the sample with a standard curve prepared from a 
series of standard aluminum solutions.
The magnesium content was determined by using Erio-
chrome Black T as the color reagent (34). An aliquot of
sample (neutral to litmus) corresponding to less than 1 0 0
micrograms of magnesium was transferred to a 1 0 0  milliliter
volumetric flask which was also marked for 90 milliliters.
Twenty-five milliliters of a 0.75% solution of ammonium
chloride in 5% NH.OH were then added, the solution was4
diluted just short of 90 milliliters and mixed. Then 10 
milliliters of a 0.1% solution of Eriochrome Black T in 
methanol were added so that it floated on the aqueous solu­
tion. The solution was mixed and diluted to the mark with 
water. The absorbancy was measured at 520 mp using a 
reagent blank. The concentration of metal ion was determined 
by comparing the reading of the sample with a standard curve
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prepared from a series of standard magnesium solutions.
The chromium content was determined by first oxidizing 
the Cr(III) to Cr(VI) using potassium permanganate (51). The 
Cr(VI) was then determined by using diphenylcarbazide as the 
color reagent in the spectrophotometric analysis (31) . An 
aliquot of the sample containing from 0.2 to 10 pg of Cr(III) 
was boiled and potassium permanganate solution was added 
until a faint pink color appeared, after which several drops 
in excess were added. The solution was then boiled for ten 
minutes. It was cooled, 15 milliliters of 7M NH4 0H were 
added, and the solution was boiled gently until the odor of 
ammonia was faint. The solution was allowed to cool and 
then filtered with suction through asbestos. The solution 
was made just acid to litmus with 9M H2 S04. The sample was 
then transferred to a 25 ml. volumetric flask. To this was 
added sufficient H2 S0 4  to make its concentration approxi­
mately 0.2N when diluted to 25 milliliters. The solution was 
mixed, 1 milliliter of color reagent was added and the sample 
was diluted to volume with water. The absorbancy of the solu 
tion was determined at 540 mp. soon after the addition of the 
color reagent, using a reagent blank. The concentration of 
metal ion was determined by comparing the reading of the 
sample with a standard curve prepared from a series of stand­
ard chromium solutions.
48
The copper content was determined spectrophotometri- 
cally using sodium diethyldithiocarbamate as the color re­
agent (32). A 10 to 20 milliliter aliquot of sample contain­
ing up to 40 pg of copper was transferred to a separatory 
funnel. Five milliliters of ammonium citrate were added and 
the pH was adjusted to 9.0 by the addition of ammonium 
hydroxide. The solution was then diluted to 25 milliliters. 
One milliliter of carbamate solution was added and the solu­
tion was shaken for 2 minutes with exactly 5 milliliters of 
carbon tetrachloride. After the two layers had settled, the 
carbon tetrachloride layer was run directly into a suitable 
cell. The absorbancy was determined at 435 mp, against a 
reagent blank keeping the cel1 b covered to prevent evapora­
tion. The concentration of metal ion was determined by 
comparing the reading of the sample with a standard curve 
prepared from a series of standard copper solutions treated 
exactly like the sample solution and having the same final 
volume as the sample solution.
5. Gas Chromatographic Investigations 
of the £-Diketones
The gas chromatographic separations of the £-diketones 
achieved by Bierman and Gesser (3) were attempted in our 
laboratories using a Beckman GC-2 Chromatograph and the same
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column as used by the above researchers. This stainless 
steel column (4 ft. by \ inch) was packed with glass micro­
beads. The microbeads were coated with 10% Apiezon L.
The metal chelates were dissolved in benzene, carbon 
tetrachloride, and acetylacetone to form a concentrated 
solution. These solutions were injected into the chromato­
graph in microliter quantities. The column temperature 
varied from 25° to 250°.
The results of these experiments were negative. The 
peak due to the solvent was always present but no peaks were 
observed corresponding to the metal ^-diketones. Following 
these attempts, Sievers and co-workers (49) reported experi­
encing major difficulties with stainless steel columns. In 
order to prevent decomposition and reactions at the walls of 
the column, they have resorted to using Teflon and Pyrex 
columns.
RESULTS
1. Sublimation Recrystallization Zones
The results of the sublimation experiments performed 
on the metal chelate compounds of acetylacetone, acetyltri- 
fluoroacetone, hexafluoroacetylacetone* benzoylacetone and 
benzoyltrifluoroacetone at a reduced pressure of 1 mm of Hg 
are shown in Tables II, III, IV, V and VI. A pressure of ? 
mm of Hg was selected because most of the metal chelates 
possessed sufficient vapor pressure at temperatures above 
100° to be volatilized at this reduced pressure. Sublima­
tions at pressures lower than 1 mm of Hg were not attempted. 
If the metal chelate compound successfully sublimed, the 
temperature zone of recrystallization is given. The term 
"No Sublimation" indicates that a particular compound would 
not sublime at a reduced pressure of 1 mm of Hg, regardless 
of the extent to which the temperature was raised. In most 
of these cases, the compounds decomposed at temperatures 
above 200°. The term "Condensed to a Liquid" indicates that 
a particular confound was successfully volatilized but that 
it condensed at a temperature above its melting point. In
50
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TABLE II. Results of Sublimation Experiments Conducted
at a Reduced Pressure of 1 mm of Hg on the
Acetylacetonates
Metal Sublimation Recrvstallization Zone
A1 QD *-• i & o
Ba No Sublimation
Be 31-15
Ca 203-167
Cd 137-117
Co 88-67
Cr 106-80
Cu 102-82
Fe 85-66
Ga 92-70
Hg 75-55
In 85-66
Mg 141-120
Mn 90-7 0
Ni 1 1 1 - 8 8
Pd 94-74
Pt 102-80
Rh 118-96
, Sr No Sublimation
Th 116-78
V 111-94
Zn 38-31
Zr 102-77
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TABLE III. Results of Sublimation Experiments Conducted
at a Reduced Pressure of 1 mm of Hg on the
Acetyltrifluoroacetonates
Metal Sublimation Recrvstallization Zone
Al 42-22
Be 40-20
Co Condensed to a Liquid
Cr 69-50
Cu 63-50
Fe 65-49
Ga 74-58
Hg No Sublimation
Mg 98-73
Mn Diffuse Zone of Microcrystals
Ni 95-79
Pb No Sublimation
Pd 79-56
Rh 79-60
Zn Diffuse Zone of Microcrystals
Zr 77-62
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TABLE IV. Results of Sublimation Experiments Conducted 
at a Reduced Pressure of 1 mm of Hg on the 
Hexafluoroacetylacetonates
Metal Sublimation Recrvstallization Zone
*
Cr 30-20
Co Diffuse Zone of Microcrystals
Cu 28-16
Mg Diffuse Zone of Microcrystals
Mn Diffuse Zone of Microcrystals
Ni Diffuse Zone of Microcrystals
Zn Diffuse Zone of Microcrystals
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TABLE V, Results of Sublimation Experiments Conducted 
at a Reduced Pressure of 1 mm of Hg on the 
Benzoylacetonates
Metal Sublimation Recrvstallization Zone
A1 195-160
Be 136-116
Co No Sublimation
cu 130-95
Fe No Sublimation
Ni No Sublimation
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TABLE VI. Results of Sublimation Experiments Conducted
At a Reduced Pressure of 1 mm of Hg on the
Benzoyltrifluoroacetonates
Metal Sublimation Recrvstallization Zone
A1 128-103
Be 97-71
Ca No Sublimation
Cd Condensed to a Liquid
Co Condensed to a Liquid
Cu 126-101
Fe Condensed to a Liquid
Ga 115-96
Hg No Sublimation
Mg Condensed to a Liquid
Mn Condensed to a Liquid
Ni Condensed to a Liquid
Pd 133-103
Rh Condensed to a Liquid
Zn 119-103
Zr Condensed to a Liquid
56
this process, a portion of the compound actually melts before 
it is volatilized and this portion remains behind in the sub­
limation vessel. When a compound condenses to a liquid it
it would if it recrystallized upon sublimation. The liquified 
chelate does not return to the original crystalline form, 
rather it gives the appearance of a glass-like solid. The 
term "Diffuse Zone of Microcrystals" indicates that a particu­
lar compound successfully sublimed but recrystallized in a 
diffuse zone which usually extends over a major portion of
%
the sublimation tube. This diffuse zone, as seen under a 
microscope, consists of very minute crystals of the compound.
chelate compounds of acetylacetone and acetyltrifluoroacetone 
are arranged in groups in Tables VII and VIII. This enables 
one to easily predict which separations will be feasible. In 
the case of the acetylacetonates, the metal compounds seem to 
fall into six distinct groups while the metal compounds of 
acetyltrifluoroacetone fall into four groups. The metal com­
pounds of hexafluoroacetylacetone, benzoylacetone and benzoyl- 
trifluoroacetone did not warrant such a listing.
occupies a much larger portion of the sublimation tube than
The sublimation recrystallization zones for the metal
TABLE VII. Groups of Sublimation Recrystallization Zones
for Metal Acetylacetonates
I II III IV V VI
Ca 203-167 Mg 141-120 Zr 102-77 Mn 90-70 Zn 38-31 Be 31-15
Cd 137-117 V 111-94 Fe 85-66
Cr 106-80 Co 88-67
Rh 118-96 Pd 94-74
Ni 111-88 Hg 75-55
Pt 102-80 Ga 92-70
Cu 102-82 In 85-66
Th 116-78 A1 81-60
U l
-j
TABLE VIII. Groups of Sublimation Recrystallization Zones
for Metal Acetyltrifluoroacetonates
I II III IV
Mg 98-73 Ga 74-58 Cr 69-50 A1 42-22
Ni 95-79 Pd 79-56 Cu 63-50 Be 40-20
Rh 79-60 Fe 65-49
Zr 77-62
00
59
2. Possible Complete Separations
Some of the many complete separations possible with 
the acetylacetonates and the acetyltrifluoroacetonates are 
listed in Tables IX and X. The complete separations possible 
with the hexafluoroacetylacetonates, benzoylacetonates and 
benzoyltrifluoroacetonates are fewer in number and these are 
not listed in separate tables. Even though all the separa­
tions listed in Tables IX and X involve a complete separation 
of zones, the quantitative recovery of the chelates depends 
on the per cent recovery values of the individual metal com­
pounds. This is the topic of the next section.
3. Per Cent Recovery
The per cent recovery determinations for some of the 
acetylacetonates and acetyltrifluoroacetonates using a tem­
perature gradient of 170° to 15° are shown in Tables XI and 
XII. The same determinations for the hexafluoroacetylace­
tonates using a temperature gradient of 139° to 15° are 
shown in Table XIII. The per cent recovery determinations 
for the benzoylacetonates and benzoyltrifluoroacetonates were 
not carried out due to the fact that the sublimation data 
indicated that few separations would be possible using these 
compounds.
TABLE IX. Some Complete Separations that can be Achieved
with the Acetylacetonates
Mg, Mn and Zn Ca, Zr and Zn Cd, Mn and Zn
Mg, Fe and Be Ca, V and Be Cd, Zr and Be
Mg, Co and Zn Ca, Cr and Zn Cd, Fe and Zn
Mg, Pd and Be Ca, Rh and Be Cd, Cr and Be
Mg, Hg and Zn Ca, Ni and Zn Cd, Pd and Zn
Mg, Ga and Be Ca, Pt and Be Cd, Ni and Be
Mg, In and Zn Ca, Cu and Zn Cd, Gd and Zn
Mg, Al and Be Ca, Th and Be Cd, Cu and Be
Mg, Zr and Zn Ca, Mn and Zn Cd, Co and Zn
Mg, V and Be Ca, Fe and Be Cd, Hg and Be
Mg, Cr and Zn ca; Co and Zn Cd, In and Zn
Mg, Ni and Be Ca, Pd and Be Cd, Al and Be
Mg, Pt and Zn Ca, Hg and Zn Cd, V and Zn
Mg, Cu and Be Ca, Gel and Be Cd, Pt and Be
O'
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TABLE X. Some Complete Separations that can be Achieved
With the Acetyltrifluoroacetonates
Ga and Al 
Ga and Be 
Pd and Al 
Pd and Be
Mg and Cr 
Mg and Cu 
Mg and Fe 
Mg and Al 
Mg and Be
Ni and Cr 
Ni and Cu 
Ni and Fe 
Ni and Al 
Ni and Be
Rh and Al 
Rh and Be 
Zr and Al 
Zr and Be
TABLE XI. Per Cent Recovery Determinations of Some of the Acetylacetonates
Using a Temperature Gradient of 170° to 15°
Metal
Chelate 
Taken,mg.
Metal Ion 
Taken,mg.
Metal Ion 
Found,mg.
Chelate Remain­
ing (Per Cent)
Per Cent 
Recovery
Al 19.8 1.65 1.63 2.3 98. 5
Be 19.6 0.85 0 . 8 6 0 . 0 1 0 1 . 0
Cd 7.8 — — 12.7 87.3
Co 31.6 — — 0 . 6 99.4
Cu 1 1 . 6 — — 6 . 0 94.0
Fe 18.4 2.92 2.80 3.8 95.8
Ga 23.7 — — 0.9 99.1
Mg 25.9 2.62 1.78 33.0 67.7
Ni 14.0 2.81 2.58 1 0 . 0 91.8
Pd 8.5 — — 1 . 2 98.8
Zn 24.3 — — 7.4 92.6
into
TABLE XIX. Per Cent Recovery Determinations of Some of the Acetyltrifluoroacetonates
Using a Temperature Gradient of 170° to 15°
Metal Chelate Taken, mg.
Chelate Remain­
ing, mg.
Per Cent 
Recovery
Al 13.8 0 . 0 1 0 0 . 0
Be 1 1 . 6 0 . 0 1 0 0 . 0
Co 14.7 0 . 6 96.0
Cr 14.2 0 . 0 1 0 0 . 0
Cu 6 . 0 0 . 1 98.4
Fe 1 0 . 6 0 . 1 99.1
Gel 17.3 0 . 1 99.5
Mg 1 1 . 1 0 . 2 98.3
Ni 14.0 1 . 2 91.5
Pb 15.4 3.3 78.6
Pd 6 . 0 0 . 1 98.4
Zn 18.3 0.7 96.2
Zr 2 2 . 0 0 . 1 99.5
&Ul
TABLE XIII
Per Cent Recovery Determinations of Some of the Hexafluoroacetylacetonates
Using a Temperature Gradient of 139° to 15°
Metal Chelate 
Taken, mg.
Chelate Remain­
ing, mg.
Per Cent 
Recovery
Co 19.9 0.80 95.9
Cr 19.9 0.05 99.8
Cu 24.8 0 . 1 0 99.6
Mg 29.9 0.40 98.7
Mn 13.1 1 . 2 0 90.9
Ni 11.9 1 . 1 0 90.8
Zn 9.6 0.40 95.8
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4. Analytical Data for Specific Separations
The separations were performed using a synthetic 
sample of the individual metal chelates. The chelates were 
weighed out separately and mixed together prior to the sub­
limation process.
The analytical data for the separation of magnesium, 
aluminum, and beryllium acetylacetonates using a temperature 
gradient of 170° to 15° are shown in Table XIV. The second 
sample is about twice the size of the first sample.
Table XV shows the results for the separation of 
nickel, iron and beryllium acetylacetonates using a tempera­
ture gradient of 170° to 15°. The second sample is about 
half the size of the first sample.
The analytical results for the separation of copper 
and iron acetylacetonates using a temperature gradient of 
170° to 15° are shown in Table XVI. The second sample was 
sublimed in a tube packed with glass helices whereas the 
first sample was run in an unpacked tube.
Table XVII shows the results for the separation of 
magnesium, chromium and beryllium acetyltrifluoroacetonates. 
The first sample was sublimed using a temperature gradient 
of 17 0° to 15° while the second was sublimed using a tem­
perature gradient of 139° to 15°.
TABLE XIV. Analytical Data for the Separation of Magnesium,
Aluminum and Beryllium Acetylacetonates Using a
Temperature Gradient of 170° to 15°
Metal Content Metal Content Found Metal Content Found Metal Content Found 
Taken in Magnesium Fraction in Aluminum Fraction in Beryllium Fraction
Mg - 0 . 1 2 0 rog Mg - 0.079 mg Al - 0 . 1 2 0 rog Be - 0.046 mg
A1 - 0.117 mg A1 - 0 . 0 0 mg Mg - 0 . 0 0 rog Al - 0 . 0 0 mg
Be - 0.045 n»g Be - 0 . 0 0 mg Be - 0 . 0 0 mg Mg - 0 . 0 0 mg
£ 2
Mg - 0.229 mg Mg -- 0.150 mg Al _ 0.196 mg Be - 0.089 mg
Al - 0 . 2 0 0 mg Al -■ 0 . 0 0 mg Mg - 0 . 0 0 mg Al - 0 .OO mg
Be - 0.093 mg Be -- 0 . 0 0 mg Be - 0 . 0 0 mg Mg - 0 . 0 0 mg
<7\
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TABLE XV. Analytical Data for the Separation of Nickel, Iron and
Beryllium Acetylacetonates Using a Temperature
Gradient of 170° to 15°
Metal Content Metal Content Found Metal Content Found Metal Content Found 
Taken_______in Nickel Fraction in Iron Fraction_____in Beryllium Fraction
*1
Ni - 0.241 mg Ni - 0.164 rog Fe - 0.238 mg Be - 0.069 mg
Fe - 0.254 mg Fe - 0.00 mg Ni - 0.051 mg Fe - 0.00 mg
Be - 0.070 rog Be - 0.00 mg Be - 0.00 mg Ni - 0.00 mg
#2
Ni - 0.120 rog Ni - 0.100 mg Fe - 0.104 mg Be - 0.036 rog
Fe - 0.111 rog Fe - 0.00 rog Ni - 0.013 mg Fe - 0.00 mg
Be - 0.037 rog Be - 0.00 mg Be - 0.00 mg Ni - 0.00 mg
'■j
TABLE XVI. Analytical Data for the Separation of Copper and Iron
Acetylacetonates Using a Temperature Gradient of 170° to 15°
Metal Content 
Taken
Metal Content Found 
in Copper Fraction
Metal Content Found 
in Iron Fraction
#la Cu - 0.342 mg Cu - 0.238 mg Fe - 0.210 mg
Fe - 0.222 mg Fe - 0. 00 mg Cu - 0.085 mg
#2b
Cu - 0.320 rog Cu - 0.225 mg Fe - 0.188 mg
Fe - 0.206 mg Fe - 0.00 mg Cu - 0.073 mg
aThis sample was sublimed using an unpacked tube.
^This sample was sublimed using a tube packed with glass helices.
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TABLE XVII. Analytical Data for the Separation of Magnesium, 
Chromium and Beryllium Acetyltrifluoroacetonates
Metal Content Metal Content Pound Metal Content Found Metal Content Found 
Taken in Magnesium Fraction in Chromium Fraction in Beryllium Fraction
#la Mg - 0.073 mg Mg - 0.068 “9 Cr - 0.116 mg Be - 0.075 rag
Cr - 0.163 mg Cr - 0.00 rag Mg - 0.00 rag Cr - 0.044 rag
Be - 0.077 mg Be - 0.00 rag Be - 0.00 rag Mg - 0.00 mg
#2b
Mg - 0.093 rog Mg - 0.050 rag Cr - 0.130 mg Be - 0.068 rag
Cr - 0.153 mg Cr - 0.00 rag Mg - 0.00 rag Cr - 0.005 mg
Be - 0.072 mg Be - 0.00 rag Be - 0.00 mg Mg - 0.00 mg
aThis sample was sublimed using a temperature gradient of 17 0° to 15°.
This sample was sublimed using a temperature gradient of 139° to 15°.
(T*
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The analytical results for the separation of magnesium, 
iron and aluminum acetyltrifluoroacetonates are shown in Table 
XVIII. The first sample was sublimed using a temperature 
gradient of 139° to 15° whereas the second sample, involving 
only iron and aluminum, was about half the size of the first 
sample and was run using a temperature gradient of 1 0 0 ° to
TABLE XVIII. Analytical Data for the Separation of Magnesium, Iron
and Aluminum Acetyltrifluoroacetonates
Metal Content Metal Content Found Metal Content Found Metal Content Found 
Taken in Magnesium Fraction in Iron Fraction in Aluminum Fraction
Mg - 0.073 rog Mg - 0.039 mg Fe - 0.108 mg Al - 0.076 mg
Fe - 0.196 rog Fe - 0 . 0 0 rog Mg - 0 . 0 0 mg Fe - 0.082 mg
Al - 0.078 rog Al - 0 . 0 0 mg Al - 0 . 0 0 rog Mg - 0 . 0 0 mg
Fe - 0.098 mg Fe - 0.080 mg Al - 0.057 mg
Al - 0.056 rog Al - 0.00 mg Fe - 0.008 mg
aThis sample was sublimed using a temperature gradient of 139° to 15°. 
bThis sample was sublimed using a temperature gradient of 100° to 15°.
DISCUSSION AND CONCLUSIONS
1. Criterion for Degree of Separability
Sublimation Recrystallization Zones. The possibility
of a successful separation of many of the jS-diketone chelates
was first indicated by the observed difference in volatility
of these compound^. This difference has served as a basis
for the present scheme of separation. Truemper (55) indicated
that the sublimation temperatures of these chelates were not
a true measure of the volatility. He stated that the tern-
«
peratures at which sublimate was first observed did not 
correspond to the order of volatility as established by the 
molar heats of sublimation. However, in a separation process 
utilizing the sublimation apparatus described in a previous 
section, tne sublimation temperatures are very important and 
help to predict the degree of separation possible. This is 
due to the fact that the temperature at which sublimate is 
first observed will very closely approximate the temperature 
at which the chelate recrystallizes in the sublimation tube. 
This comparison is supported by the fact that, in almost all 
cases, the sublimation temperatures for the metal chelates
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as reported by Truemper, are contained in a portion of the 
sublimation recrystallization zones determined in this study. 
The difference in these zones serves as a criterion for the 
degree of zone separation possible.
Provided that a considerable difference exists between 
the zones, a complete separation of the metal chelate zones 
is very probable. This is the case for the chelates men­
tioned in Tables IX and X. For chelates in which there is 
very little difference between sublimation recrystallization 
zones or in which there is an overlap of these zones, the 
degree of separation will depend on the amount of overlap and 
the control of the size of sample, temperature gradient and 
the type of sublimation tube used. These last three factors 
will be discussed in a later section.
Per Cent Recovery. Although the difference in sublima­
tion recrystallization zones enables one to predict the 
degree of zone separation that is possible, this factor gives 
no information as to the quantitative recovery of the chelates 
involved in the separation. The factor governing this facet 
of a particular separation will be the per cent recovery of 
the individual chelates in that separation. The per cent 
recovery of the chelates is ultimately determined by the 
volatility and the stability. For the more volatile chelates,
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the per cent recovery is very high. This is due to the fact 
that these chelates sublime at very low temperatures with 
little or no decomposition. In the case of the less volatile 
chelates, high temperatures are required to sublime the com­
pounds and considerable decomposition accompanies the subli­
mation. Those chelates which fall into the same groups in 
Tables VII and VIII have similar values for per cent re­
covery. This is not always the case, but it works very well 
as a general rule. The per cent recovery data are listed 
in Tables XI, XII and XIII. These values depend upon the 
temperature gradient used. The values will usually in­
crease as the temperature is increased provided that tem­
peratures are not reached at which decomposition occurs.
Therefore, in order to safely predict the efficiency 
of a particular separation we must use as a criterion, both 
the difference in sublimation recrystallization zones and 
the per cent recovery of the individual chelates.
2. Degree of Separability
Acetylacetonates. As had been originally expected, 
the acetylacetonates possessed the greatest degree of separa­
bility. This is due to the fact that their volatilities 
provide for large differences in the sublimation recrystal­
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lization zones. These sublimation recrystallization zones 
are also dispersed over a large range of temperature. Subli­
mation zones for the acetylacetonates range from 203°- 167° 
for calcium to 31°- 15° for beryllium. Having the zones 
dispersed over this large range of temperature allows for 
many complete separations and eliminates a large degree of 
zone overlapping which occurs in the case of the other metal 
/3-diketone chelates. A listing of the many complete separa­
tions possible with the acetylacetonates appears in Table IX. 
Other near-complete separations have also been achieved with 
the acetylacetonates in which little difference exists be­
tween sublimation recrystallization zones or where these 
zones overlap. These separations are treated in detail in 
Section 3.
Another factor which contributes to the success en­
countered with the acetylacetonates is the fact that most of 
these chelates possess relatively high melting points. This 
allows the volatilized compounds to recrystallize at tempera­
tures well below their melting points. The result of this is 
a very pure crystalline sublimate.
Finally, the per cent recovery of these chelates is 
sufficiently high to allow for many complete separations which 
also involve quantitative recovery of the chelates. Aside
76
from calcium, magnesium and cadmium, all of the acetylace­
tonates have per cent recovery values above 90. Although 
some separations do not allow for near-quantitative recovery 
due to the presence of chelates which have a low per cent 
recovery value, the fact remains that a complete separation 
of the chelate zones is achieved. This type of separation 
would find many applications in purification work where the 
quantitative recovery of the separation is not critical.
Acetvltrifluoroacetonates. Despite the fact that the 
acetyltrif.luoroacetonates possess very high values for per 
cent recovery, the degree of separability for these com­
pounds is less than in the case of the acetylacetonates.
The presence of the trifluoromethyl group in these chelates 
has the effect of increasing the volatility of most of the 
metal compounds, due to an increase in the covalency. This 
increase in volatility has the advantage of increasing the 
per cent recovery values of the chelates and the disadvantage 
of decreasing the difference in sublimation recrystallization 
zones. In this case, the disadvantage outweighs the advan­
tage. The increase in volatility causes the sublimation 
recrystallization zones to be dispersed over a smaller range 
of temperature than in the case of the acetylacetonates. The 
zones range from 98°-73° for magnesium to 40°-20° for
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beryllium. Consequently, the difference between zones de- 
creases. The overlapping of zones is more pronounced and the 
degree of separability is decreased. Complete separations 
of acetyltrifluoroacetonates have been achieved using samples 
involving two metal chelates and these are shown in Table X.
Although the acetyltrifluoroacetonates have melting 
points which are lower than the corresponding acetylacetonates, 
nevertheless they are sufficiently high to allow most of the 
volatilized chelates to recrystallize at temperatures well 
below their melting points. The recovered product is a very 
pure crystalline material.
Separations of acetyltrifluoroacetonates, in which 
the sublimation recrystallization zones overlap, have been 
enhanced by the control of the size of sample and the tempera­
ture gradient. Such separations are discussed in detail in 
Section 3.
Hexafluoroacetvlacetonates. As was predicted, the 
presence of two trifluoromethyl groups causes the volatility 
of these chelates to be very high due to the large increase 
in covalency. As in the case of the .acetyltrifluoroacetonates, 
the increase in volatility increases the per cent recovery 
values of the chelates but decreases the degree of separa-
9
bility. The sublimation recrystallization zones for these
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compounds are dispersed over a very narrow range of tempera­
ture, 40° to 15°. Therefore, extensive overlapping of zones 
would be expected with a proportional decrease in the degree 
of separability.
Another problem arises which adds to the low degree of 
separability of these chelates. Many of these compounds sub­
lime and recrystallize in a zone which extends over most of 
the sublimation tube. This zone consists of very minute 
particles of chelate. This diffuse zone is in addition to a 
small band of crystals which ordinarily make up the sublima­
tion recrystallization zone. The metal chelates have been 
purified from many different solvents, but the zone of micro­
crystals is still present upon sublimation. The metal 
chelates were also purified by batch sublimation in a vertical
v
sublimator but the diffuse zone still persisted. This wide 
segment of minute crystals also gave an infrared spectra 
identical with that of the metal chelates of hexafluoroacetyl- 
acetone which gave no diffuse zone. This supports the theory 
that these microcrystals are actually a fraction of the metal 
chelate. Further characterization of these microcrystals and 
a reasonable explanation of their presence in the sublimation 
tube was not possible due to time limitations.
Because of the extensive overlapping of sublimation
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recrystallization zones involved and the problem of obtaining 
a product which was restricted to a small zone of crystalline 
material, the study of the separation possibilities of the 
hexafluoroacetylacetonat.es was not extended beyond those 
listed in Table VI.
Benzoylacetonates. The substitution of a phenyl group 
for a methyl group in acetylacetone yields a /3-diketone whose 
metal chelates are less volatile than the corresponding 
acetylacetonates. Of the six metal chelates of benzoylacetone 
that were studied, only the chelates of aluminum, beryllium 
and copper would sublime. The high temperatures required to 
completely sublime these compounds also brought about a large 
amount of decomposition, which in turn lowered the per cent 
recovery of these chelates. The compounds of cobalt, iron ?.nd 
nickel showed no observable sublimation. These same three 
metals, in the case of acetylacetone, formed metal chelates 
which were fairly volatile. From these results, it appeared 
that the other metal chelates of benzoylacetone would be less 
volatile than the six chelates that were studied. Due to this 
fact, the study of the benzoylacetonates was not expanded to 
include any chelates other than the six already mentioned.
The separation of these chelates was not attempted due to the 
observed results.
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Benzovlttifluoroacetonates. The substitution of a 
trifluoromethyl group for a methyl group in benzoylacetone 
yields a /3-diketone whose metal chelates are more volatile 
than the corresponding benzoylacetonates but still less 
volatile than the corresponding acetylacetonates. The in­
crease in volatility over the benzoylacetonates is due to 
the increase in covalency provided by the presence of the 
trifluoromethyl group. Although the per cent recovery values 
for these chelates is not extremely high, it was first thought 
that these chelates would have a degree of separability com­
parable to the acetyltrifluoroacetonates. This did not turn 
out to be the case. Many of the benzoyltrifluoroacetonates 
possess relatively low melting points. These chelates after 
being volatilized, condense at temperatures above their 
melting points. The chelates exist as liquids at these tem­
peratures and spread out over a large portion of the tube, 
due to the fact that the sublimation tube is at a reduced 
pressure. Only those chelates which have relatively high 
melting points with respect to their sublimation condensa­
tion zones, give crystalline products.
The above phenomenon does not allow for many separa­
tions of these chelates. Some separations that are possible 
are the separations of the chelates of the following metals
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from beryllium benzoyltrifluoroacetonate: aluminum, copper, 
gallium, palladium and zinc. These separations are also pos­
sible with the acetylacetonates and they are more efficient 
with the latter chelates. Because of these factors, an ex­
panded investigation of the separation possibilities of these 
chelates was not attempted.
3. Effect of Related Factors on Separations
Many complete separations have been listed in Tables 
IX and X. However, these separations are possible mainly 
because of the great differences in sublimation recrystalli­
zation zones. In the case of chelates which have small dif­
ferences in sublimation recrystallization zones or whose 
zones overlap, the separations are not as efficient. These 
separations can be enhanced by the proper control of the size 
of sample, the temperature gradient and the packing of the 
sublimation tube.
The size of sample determines to a large extent how 
efficient the separation will be. Too large a sample will 
result in a flooding of the sublimation tube. The larger the 
sample, the wider the sublimation recrystallization zones 
become. With sufficiently large samples, the zones become 
such a width as to cause an overlapping of the zones involved.
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However, as the size of the sample is reduced, the zones 
become smaller and the efficiency of the separation is in­
creased .
The temperature gradient is another important factor 
to be considered when attempting a separation. If a particu­
lar separation is desired which involves a forty degree range 
of temperature, then it is advantageous to have this forty 
degree range of temperature dispersed over as large a portion 
of the sublimation tube as possible in order to achieve 
separation of the zones. If this range of temperature is dis­
persed over a small portion of the tube, there is a decrease 
in the possibility of a successful separation. If a particu­
lar sample was run using a temperature gradient of 17 0° to 
15°, then a more efficient separation could be expected by 
using a temperature gradient of 139° to 15°, provided that 
all components are volatile at this lowef temperature. This 
is due to the fact that the second gradient will give sublima­
tion recrystallization zones which are farther apart than 
will the first gradient. However, it is necessary that the 
sample have the same per cent recovery value using both 
gradients for the enhancement to be effective.
Finally, the use of packed tubes will tend to enhance 
many separations. The packing used was 3 mm glass helices.
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This packing helped to make the temperature more uniform 
throughout the tube. It also had the effect of decreasing 
the flow rate of the carrier gas which was air. Thirdly, it 
gave the sublimed chelate a larger surface area on which to 
recrystallize. All three of these effects should help to 
decrease the size of the sublimation recrystallization zones 
and to enhance the individual separations.
Five separations were selected for analytical studies 
to show the effect of controlling the above three factors.
The first was a separation involving chelates which had a 
large difference between the individual sublimation recrys­
tallization zones. The last four were separations involving 
chelates which had very little difference between zones or 
chelates in which the zones overlapped. These five attempted 
separations are discussed in detail as follows:
.Separation of Magnesium, Aluminum and Beryllium Acetyl­
acetonates . This separation involved chelates which had a 
wide difference in sublimation recrystallization zones. The 
first sample was run using a temperature gradient of 170° to 
15°. The separation of zones was complete byt the recovery 
of the magnesium chelate was not quantitative due to its low 
per cent recovery value. However, the aluminum and beryllium 
chelates were quantitatively recovered. The second sample
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was run using twice as much chelate as that used in the first 
sample to determine if this would cause the sublimation re­
crystallization zones to overlap. Again the result was a com­
plete separation of zones but non-quantitative recovery of 
the magnesium chelate. The difference in sublimation recrys­
tallization zones is large enough that an increase in the 
size of sample did not change the efficiency of the separa­
tion. However, the zones were closer together in the second 
separation than in the first separation, but not enough to 
affect the efficiency.
Separation of Nickel, Iron and Beryllium Acetvlace- 
tonates. This separation involved two chelates, nickel and 
iron, which had a small difference in sublimation recrystal­
lization zones. The first sample was run using a temperature 
gradient of 170° to 15°. The iron fraction was contaminated 
by 23.8% of the sublimed nickel chelate. The beryllium 
chelate was completely separated from the other two compounds. 
The quantitativeness of the recovery of the separation 
depended on the nickel and iron chelates, which have lower 
per cent recovery values than the quantitatively recovered 
beryllium chelate. The second sample was run using half as 
much chelate as was used in the first sample. The purpose of 
this change was to decrease the size of the zones and
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increase the efficiency of the separation. The zone lengths 
were actually decreased and the iron fraction was then con­
taminated by only 11.5% of the sublimed nickel chelate. Again 
the beryllium chelate was completely separated from the other 
two compounds.
Separation of Copper and Iron Acetylacetonates. This 
separation involved two chelates which had overlapping subli­
mation recrystallization zones. The first sample was run 
using a temperature gradient of l^O0  to 15°. The iron frac­
tion was contaminated by 26.4% of ' sublimed copper chelate. 
The per cent recovery of the separat.  ^approximately 95%. 
The second sample was run using a sublimacion tube packed 
with glass helices. It was assumed that this change in tech­
nique would help to separate the individual zones. The 
enhancement in this separation was only slight. The iron 
fraction was now contaminated by 24.5% of the sublimed copper 
chelate. However, had this packed sublimation tube been com­
bined with a decrease in sample size, the separation effi­
ciency would probably have been considerably greater.
Separation of Magnesium, Chromium and Beryllium Acetvl- 
trifluoroacetonates. This separation involved two chelates, 
chromium and beryllium, which had a small difference in sub­
limation recrystallization zones. The first sample was run
using a temperature gradient of 17 0° to 15°. The beryllium 
fraction was contaminated by 27.5% of the sublimed chromium 
chelate. The magnesium chelate was completely separated from 
the other two compounds. The per cent recovery of the separa­
tion approached 98%, The second sample was run using a 
temperature gradient of 139° to 15°. It was assumed that 
this change in temperature gradient would increase the dis­
tance between the chromium and beryllium zones. This was 
found to be the case. The beryllium fraction was now con­
taminated by only 3.7% of the sublimed chromium chelate. The 
magnesium chelate was again completely separated from the 
other two compounds. However, the per cent recovery of the 
magnesium chelate in the separation decreased considerably 
due to the decrease in temperature applied to the sample.
Separation of Magnesium,Iron and Aluminum Acetvltri- 
fluoroacetonates. This separation involved two chelates, 
iron and aluminum, which had a small difference in sublima­
tion recrystallization zones. The first sample was run 
using a temperature gradient of 139° to 15°. The aluminum 
fraction was contaminated by 43.2% of the sublimed iron 
chelate. The magnesium chelate was completely separated from 
the other two compounds. The per cent recovery of this 
separation is determined by the magnesium chelate which is
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not highly volatile at this particular temperature. The 
second sample was run using about half as much chelate as in 
the first sample and a temperature gradient of 100° to 15°, 
a decrease from that used previously. It was assumed that 
this combination of changes' would decrease the overlapping 
of the iron and aluminum zones. This assumption was con­
firmed experimentally. The aluminum fraction was now con­
taminated by only 9.1% of the sublimed iron chelate. The 
magnesium chelate was not included in this second sample due 
to its low volatility at the particular temperature used in 
this second attempt.
Other Separations. This same technique of controlling 
the size of sample, temperature gradient and tube packing in 
order to enhance separations, should apply to many other 
separations in which there is a small difference in sublima­
tion recrystallization zone? or in which the zones overlap. 
The above five separations were selected at random and the 
results obtained with these separations should also be ob­
tainable in other similar separations.
4. Comparison with Gas-Liquid 
Chromatographic Separations
As stated in the Introduction, Bierman and Gesser (3) 
have separated aluminum and beryllium acetylacetonates and
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aluminum and chromium acetylacetonates using the gas-liquid 
chromatographic technique, Sievers and co-workers (48,49), 
using a packed column of glass microbeads coated with sili­
cone grease, successfully eluted the acetylacetonates of 
aluminum, beryllium, chromium, copper, iron and vanadium at 
column temperatures between 150° and 200°. The attempt to 
elute the acetylacetonates of cobalt(III), hafnium, thorium 
and zirconium at temperatures between 150° and 230° was 
unsuccessful. No separations were reported using the 
acetylacetonates. It was apparent that only the more vola­
tile chelates were successfully eluted. Whereas Sievers and 
co-workers have eluted only six acetylacetonates, twenty-one 
of the metal chelates have been volatilized using the sublima­
tion technique. While few separations of the acetylacetonates 
have been reported using gas-liquid chromatography, many 
efficient separations have been achieved using fractional 
sublimation. These separations are very important when it is 
considered that some of these separations are very difficult 
using conventional methods of separation.
Sievers and co-workers successfully eluted the acetyl­
trif luoroacetonates of beryllium, aluminum, chromium, copper, 
hafnium, indium, iron, rhodium and zirconium at column tem­
peratures between 100° and 150°. The separation of aluminum,
chromium, rhodium and zirconium acetyltrifluoroacetonates 
was achieved at 135°. However, the peaks for the chromium, 
rhodium and zirconium chelates were not very sharp. When the 
beryllium chelate was added to this mixture it was eluted 
along with the aluminum chelate because it has only a slightly 
shorter retention time than the aluminum chelate. This dif­
ficulty was only partially resolved by temperature program­
ming. Sievers and co-workers have eluted nine acetyltri- 
fluoroacetonates while eleven of these chelates have been 
volatilized using the sublimation technique. In working with 
the acetyltrifluoroacetonates, Sievers and co-workers have 
apparently encountered the same difficulties as encountered 
in the present study. The increased volatility of these ' 
chelates allows for only small differences in retention times. 
Thus beryllium and aluminum acetyltrifluoroacetonates were 
not separated. This same result was observed using the sub­
limation technique.
From the preceding data, it is obvious that the big 
difference in the two methods of separation is found in their 
application to the acetylacetonates. The gas-liquid chromato­
graphic technique utilizes a pressure at which many of these 
metal chelates are not sufficiently volatile to be eluted 
through the chromatographic column. However, the fractional
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sublimation technique employs a reduced pressure of 1 nun of 
Hg. At this pressure, most of the acetylacetonates are 
volatile at temperatures above 150°. Because there are dif­
ferences in the volatility of 'these acetylacetonates, many 
efficient separations are possible.
5. Applications of this Technique
This technique of separating volatile metal chelates 
by fractional sublimation should find an application as an 
analytical tool in the laboratory. Many very efficient 
separations are achieved in a fraction of the amount of time 
that it would take to achieve the same separations by con­
ventional methods. The method is simple to operate and would 
not require an analyst's complete attention. In separations 
where quantitative recovery presents a problem, this tech­
nique should still find an application in the field of puri­
fication. A very striking example of this application can 
be found in the purification of beryllium. Using the acetyl­
acetonates, beryllium has been quantitatively separated from 
every metal acetylacetonate which has been studied. The 
studies performed on the acetylacetonates covered a wide 
range of metals and show that the fractional sublimation 
technique should work very well as a means of purification
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for beryllium. Other purifications should be equally success­
ful where quantitative recovery is not an absolute require­
ment.
6 . Future Studies
The scope of this investigation covered five ligands 
and various metal chelates of these ligands depending on the 
degree of separability predicted for the chelates of the 
particular ligands. Undoubtedly, other ligands exist which 
have metal chelate properties approximating those of the 
acetylacetonates and acetyltrifluoroacetonates. This type of 
ligand could be the subject of future studies on the tech­
nique of fractional sublimation.
However, an added problem arises which warrants 
further studies. The separations which were studied in 
detail were carried out using a synthetic sample of the indi­
vidual metal chelates. This type of sample was used because 
most of the metal chelates are prepared under different sets 
of conditions. An investigation could be undertaken to 
determine the possibility of precipitating all these chelates 
under one set of conditions. The quantitativeness of the 
precipitation would also have to be determined. The subse­
quent sublimation of the dried precipitate would give the
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desired separations. This process would allow for separation 
of metal ions from solution, first by a precipitation of the 
metal ions as the chelates and finally fractional sublimation 
of the precipitate. Preliminary work was performed in this 
area with limited success. However, time did not allow for 
a very extensive study of this problem.
Finally, an investigation could be undertaken to deter­
mine the possibility of achieving gas chromatographic separa­
tions of these £-diketone chelates at reduced pressures. 
Although this change in pressure might reduce the efficiency 
of some separations, nevertheless it should increase the 
number of chelates which can be successfully eluted through 
a chromatographic column. The introduction of a short 
capillary column might improve the efficiency of existing 
separations and permit many other separations to be achieved.
SUMMARY
Many metal chelates not previously reported in the 
literature were prepared in connection with this study.
These new compounds were metal chelates of acetylacetone, 
acetyltrifluoroacetone, hexafluoroacetylacetone and benzoyl- 
trifluoroacetone. The preparations of these compounds and 
all the chelates used in this study are listed in detail.
A sublimation apparatus utilizing a reduced pressure 
of 1 mm of Hg and a variable temperature gradient was de­
vised. This apparatus allowed for the fractional sublima­
tion of the metal chelates and the successful recovery of 
the compounds after sublimation.
The sublimation recrystallization zones were deter­
mined for all the chelates which both sublimed and were 
subsequently recovered as a defined zone of crystals. The 
per cent recovery values were also determined for many of 
the acetylacetonates, acetyltrifluoroacetonates and hexa- 
fluoroacetylauetonates. These per cent recovery values were 
directly related to the volatility of the compounds.
The degree of separability of the chelates was deter­
mined by the difference in sublimation recrystallization
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zones and the per cent recovery values. The greater the dif­
ference in sublimation recrystallization zones and the larger 
the per cent recovery values, the higher the degree of 
separability.
The acetylacetonates possessed the greatest degree of 
separability. The differences in sublimation recrystalliza­
tion zones were quite pronounced and the per cent recovery 
values were fairly good. Many complete separations are pos­
sible with these chelates.
The acetyltrifluoroacetonates also possessed a con­
siderable degree of separability. The increased volatility 
brought about an increase in the per cent recovery values 
but a decrease in the difference in sublimation recrystal­
lization zones. Fewer complete separations are possible in 
the case of the acetyltrifluoroacetonates than in the case 
of the acetylacetonates.
The hexafluoroacetylacetonates have not been studied 
thoroughly. However, the information that was received is 
not very favorable. Many of these chelates sublime and re- 
crystallize in a zone which extends over most of the sub­
limation tube. In the case of those chelates which sublime 
normally, the increased volatility due to the presence of 
the two trifluoromethyl groups causes the difference in
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sublimation recrystallization zones to be very small. This 
information points to a low degree of separability.
The benzoylacetonates were found to possess a low 
degree of separability due to their low volatility. This low 
volatility also caused the chelates which did sublime to have 
low per cent recovery values.
The benzoyltrifluoroacetonates possess a lower degree 
of separability than expected due to their somewhat low 
volatility. However, an added problem is encountered due to 
the fact that many of these chelates condense to a liquid in 
the sublimation tube. These two factors contribute to the 
low probability of achieving separations with these com­
pounds.
Five separations were studied in detail to ascertain 
the effect of control of sample size, temperature gradient 
and tube packing on the efficiency of the separations. It 
was found that proper control of these factors led to a dis­
tinct enhancement of the separations, in most cases.
The separations achieved with this technique were com­
pared to those obtained using the gas-liquid chromatographic 
technique. Whereas many separations of the acetylacetonates 
have been achieved by fractional sublimation, very few have 
been reported using the gas-liquid chromatographic method.
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Some applications of this technique were suggested 
both in the area of analytical separations and in the area 
of purifications. The purification of beryllium as the 
acetylacetonate was suggested due to its quantitative 
separation from all the metals used in this study.
Future studies were proposed using ligands, the metal 
chelates of which possess properties similar to the acetyl­
acetonates. An investigation might also be undertaken to 
determine the possibility of preparing all the chelates of a 
particular ligand under one set of conditions. This would 
allow for quantitative precipitation of metal ions from 
solution as the £-diketone chelates and subsequent sublima­
tion of the dried precipitate to achieve the desired 
separation.
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